Abstract-Operation in the high-frequency (HF) regime (3-30 MHz) has potential for miniaturizing power electronics, but designing small efficient inductors at HF can be challenging. At these frequencies, losses due to skin and proximity effects are difficult to reduce, and gaps needed to keep B fields low in the core add fringing field loss. We propose a low-loss inductor structure with step-by-step design guidelines for HF applications. The structure achieves low loss through double-sided conduction in its singlelayer winding and through quasi-distributed gaps. An example ∼15 µH inductor designed using the proposed design guidelines achieved an experimental quality factor of 720 at 3 MHz and 2A (peak) of ac current. The inductor also improved a high-currentswing power converter operated at 1-3 MHz; at 250 W, the inductor reduced converter losses by 19%, compared to a conventional inductor design. In some cases, litz wire may further improve the performance of the proposed structure. With litz wire, the example inductor had an improved quality factor of 980. Thus, the proposed inductor geometry and design guidelines are suitable for small highly efficient inductors at HF and can thereby help realize high-frequency miniaturization of power electronics. (This paper is accompanied by an example Python script for generating preliminary designs, available in the online supplementary material.) Index Terms-Distributed gap, high frequency (HF), inductors, magnetics, skin effect.
, significant design challenges remain. Skin and proximity effects play large roles at HF, where conventional litz wire solutions become less practical due to manufacturing difficulties for strands thinner than a skin depth [4] . Therefore, other approaches for reducing proximity effect, such as single-layer windings or multi-layer foil windings, have been investigated [4] [5] [6] [7] . Fringing fields from gaps in the core also significantly increase the winding loss, and various winding configurations and materials have been explored to deal with these effects [4] , [8] , [9] . In particular, distributed or quasi-distributed gaps have successfully mitigated fringing field effects [10] and are beginning to be implemented in cores on the market [11] .
To better understand the design challenges for magnetic components at HF, much research has focused on modeling. Analytical models of the conductor loss [12] [13] [14] [15] [16] [17] and the core loss [18] , [19] have been developed, with some work targeting the HF range [20] . While modeling can provide valuable analysis tools, development of HF structures and design guidelines is an additional important step.
We propose an inductor structure suitable for HF operation with large ac currents (such that the magnetic field is constrained by loss and not saturation), along with analytic design guidelines to maximize its quality factor. 1 The proposed structure achieves high Q by using the available surfaces of the winding turns more effectively for conduction as a result of careful application of quasi-distributed gaps. Section II provides an overview of the proposed inductor geometry. The design guidelines are discussed in Section III, and automation of the design process is outlined in Section IV. In Section V, an example design is provided for a 16.6-μH inductor designed for a 2-A (peak) ac current at 3 MHz. The example achieves a quality factor of 700 in simulation, and simulation results verify that the design guidelines achieve the desired low-loss features. In Section VI, we present a hardware prototype that achieves an experimental Q of 720, agreeing with simulations. In addition, we demonstrate the prototype improving the efficiency and thermal performance of a high-frequency high-current-swing power converter (1) (2) (3) . In Section VII, we discuss using litz wire in the proposed structure to reduce loss, present additional design guidelines for litz, and demonstrate improved performance of the prototype inductor with litz wire (Q = 980). We conclude that the proposed structure can achieve high Q, and that the analytic design guidelines are effective in designing high-Q inductors operating at HF with large ac current components.
II. GEOMETRY OVERVIEW
The proposed core geometry resembles a pot core, but has a specific geometry with a single-layer winding and quasidistributed gaps in the center post and outer shell (see Fig. 1 ). To implement the quasi-distributed gaps, the core is composed of thin magnetically permeable discs and outer shell sections separated by small gaps. The center post and outer shell are bridged by magnetic end caps at the top and bottom of the structure. A single-layer winding is centered in the window, with evenly spaced turns.
This structure uses a single-layer winding to reduce proximity-effect losses and has a permeable return path to contain the flux, increase inductance, and improve the predictability of the inductance. The quasi-distributed gaps help reduce fringing field losses, while still allowing the use of a highpermeability core material. Properly designed, the structure can also conduct current through a large fraction of the winding cross-sectional area, as explained in Section III-B.
III. DESIGN GUIDELINES
The design guidelines below optimize the Q of the proposed structure at a given volume and inductance for applications where ac losses dominate. Most of the guidelines can be mathematically defined so that initial designs can be largely automated. A few of the parameters, however, must be manually tuned using the guidelines, as would be done in a non-analytic design process. Slight deviation from the optimized parameters, e.g., due to manufacturing tolerances, minimally impacts the Q of the structure, as the tradeoff for each parameter falls off slowly near the optimum. 2 The simulations in Section III show this minimal impact on Q near the optimum. This claim is also supported by a prototype inductor with manufacturing tolerances achieving high Q in accordance with its simulated Q (see Section VI). 
A. Use Quasi-Distributed Gaps to Reduce the Gap Fringing Loss
Gapping ferrite cores in high-current-swing applications is important for keeping B fields low to reduce core loss, which scales as B β (β ≈ 2 to 3), per the Steinmetz equation
As frequency increases, even lower B fields are needed to keep core loss low, leading to larger gaps. The impact of fringing fields from gaps on copper losses can thereby become more severe at higher frequencies. To reduce the fringing loss, the proposed inductor uses quasi-distributed gaps [10] , as opposed to a conventional single lumped gap. Instead of dropping the entire MMF across one gap, the quasi-distributed gap has a smaller MMF across each of multiple gaps, causing less total loss in the winding. As shown in [10] , the ratio of the pitch between the gaps (p) to the spacing between the gaps and the conductor (s) is an important parameter for fringing loss; Hu and Sullivan [10] recommend p < 4s.
3 For the proposed structure, we set the number of gaps equal to the number of turns (N g = N ); Appendix A discusses how this selection, in tandem with the guidelines in Sections III-D and III-E, generally meets the p < 4s criterion of [10] .
B. Balance H Fields to Achieve Multi-Sided Conduction
For a single-layer winding, copper loss at high frequencies is primarily due to skin effect, which reduces the effective area of current flow. In most cases, only a single side of the wire has a skin depth of conduction (not the entire circumference, as is commonly shown in textbooks for a wire in isolation). This single-sided conduction occurs in typical inductor geometries because the H fields near each turn are imbalanced, causing uneven current distribution [see Fig. 2(a) ]. To reduce copper loss, the geometry should instead be designed to balance the H fields near each turn. If the H fields on either side of a turn are balanced, double-sided conduction can be achieved [see Fig. 2(b) ]. The proposed structure implements double-sided conduction to achieve low copper loss. To balance the H fields in this structure, the center post and the return path need to have equal reluctances (see Fig. 3 ). Doing so makes the MMF drop (F) across each region the same. Since both regions also have the same effective length (l), having equal F results in balanced H fields (F = Hl).
To accurately design for equal reluctances, we include the overall fringing field outside the structure in the return path. Mathematically, we need
where R c post and R c shell are the lumped reluctance of the discs of core material in the center post and in the outer shell, respectively, R g post and R g shell are the lumped reluctance of the quasi-distributed gaps in the center post and in the outer shell, respectively, and R f is the reluctance of the overall fringing path outside of the structure. Neglecting local gap fringing, R c post , R c shell , R g post , and R g shell can be calculated directly from the geometry (see Fig. 1 ) as
where l c is the combined height of the core material discs, l g is the overall length of the gap, and μ c is the permeability of the core material. R f , however, is more difficult to calculate from first principles; instead, we estimate it using a solenoid model. Since the proposed inductor and a solenoid of the same size have similar overall fringing fields (see Fig. 4 ), their fringing field reluctances are about the same. So, to estimate R f of the proposed inductor, we can back out the fringing field reluctance from any appropriate solenoid inductance model. In general, for a solenoid, we have
where
is the reluctance of the path through the center of the solenoid. By substituting a solenoid inductance model of our choosing into (6), we can then derive an expression for R f . For example, for structures where h t > 2 3 r t , the following air-core solenoid model [21] can be used:
We can then back out
For more general cases, the short solenoid model [22] may be more appropriate
where L is the inductance in μH, r t is the radius of the solenoid in inches, and F is an experimentally derived quantity defined in [22] . With this model, we have
Using R f , we can then design the center post and the return path to have equal reluctances and thus balance the H fields to achieve double-sided conduction.
To validate this approach for estimating R f , inductors of the same volume (14 cm 3 ) but different aspect ratios were designed for the same inductance (16.6 μH) using (8) . The inductors were then simulated, and the designed and simulated inductances had less than 10% error across a wide range of aspect ratios (see Table I ).
C. Distribute B Fields to Reduce the Overall Core Loss
While H field balancing helps prevent circulating current losses in the winding, evenly distributed B fields in the core can reduce the core loss. In the case of unevenly distributed B fields, regions with higher B fields experience a much greater FOR 16.6-μH DESIGNS core loss, since core loss scales as B β . The high core losses in these regions then result in greater total core loss.
Since B = μH, regions with the same permeability and H fields will have the same B fields. In the proposed inductor, the center post and the outer shell have the same effective permeability because they have the same overall gap and core lengths. Therefore, designing for balanced H fields in the proposed structure will also achieve evenly distributed B fields in these core regions. For cases in which the center post and the outer shell do not have the same effective permeability, the structure cannot achieve both balanced H fields and evenly distributed B fields. Instead, to minimize overall loss, the designer would need to find the optimal balance with partial double-sided conduction and a slight imbalance in the B field distribution.
For the end caps, the B field distribution, and thus core loss, is affected by their thickness. Thicker end caps allow the B field to distribute more in these regions for lower core loss, but with diminishing returns for added volume. The designer can use simulation to determine an end cap thickness that reduces loss without excessive volume.
D. Select a Wire Size That Optimizes the Effective Conduction Area
Since the structure is designed to achieve double-sided conduction in the winding, a larger diameter wire reduces copper loss by providing greater circumferential conduction area. As the wire diameter increases, however, proximity effect losses between the turns play a larger role.
One metric for selecting a wire diameter (D w ) is the vertical window fill (F v ), defined as the fraction of the window height (l t ) that is occupied by conductive material, i.e.,
using the geometry in Fig. 1 . Finite-element analysis (FEA) simulations 4 show that a wire diameter yielding a vertical window fill between 50% and 80% optimizes the total effective conduction area for these two competing effects (see Fig. 5 ). For a given window height, the copper loss is largely insensitive to deviations in the wire diameter near the optimum. . For a given window height l t , a wire diameter that yields a 50-80% vertical window fill optimizes the total effective conduction area to reduce the copper loss. To find this optimum, inductors with the same inductance (16.1 μH) and core geometry (r t = 13.2 mm and h t = 26.3 mm) but different conductor diameters were simulated. To make the gap fringing loss on the winding negligible, the inductors had a large window width that was three times the maximum wire diameter at F v = 100%. As shown in the graph, the optimal range of vertical fill holds across different window heights. 
E. Select a Window Size That Balances the Gap Fringing Field Loss and the End Cap Core Loss to Reduce the Overall Loss
To minimize gap fringing field loss, the structure would ideally have a large window to increase the horizontal distance between the gaps and the winding. However, since flux crowding around the ends of the window leads to higher B fields in and near the end caps (see Fig. 6 ), a larger window would increase the core loss by increasing the volume of these high-B-field regions.
One metric for selecting a window width (w) is the horizontal window fill (F h ), defined as the fraction of the window width that is occupied by conductive material, i.e.,
using the geometry in Fig. 1 . FEA simulations show that to balance the fringing loss and the end cap core loss, the horizontal window fill of the winding should be between 40% and 60% (see Fig. 7 ). So, for a given wire diameter D w , the optimal window size is approximately 2D w , but the overall loss is largely insensitive to changes in the window size near the optimum.
F. Use a Square Aspect Ratio to Minimize the Overall Loss
A "square" aspect ratio (diameter ≈ height) is the preferred overall geometry for this structure. FEA simulations of otherwise optimized inductors show that structures that are much Fig. 7 . For a given wire diameter, a window size with a 40-60% horizontal fill for the winding balances the gap fringing loss and the end cap core loss. To find this balance, inductors with the same inductance (16.5 μH) and volume (r t = 13.2 mm and h t = 26.3 mm) but different window widths were simulated. As shown in the graph, the optimal horizontal fill range holds across the optimal vertical fill (F v ) range. Fig. 8 . Structures with a "square" aspect ratio achieve the optimum Q. To find this optimum, inductors with different aspect ratios but the same inductance (16.5 μH) and volume were simulated, and each design was optimized using the guidelines discussed in Sections III-A-III-G. As shown in the graph, the "square" aspect ratio is optimal across different volumes.
wider than they are tall, or vice versa, achieve lower Q (see Fig. 8 ).
Conceptually, we can explain the disadvantages of unbalanced geometries by considering the end caps separately from the rest of the structure (everything within l t ). The section within l t may be thought of as the "active" section, where flux links the winding and substantial reluctance is provided, while the end caps may be thought of as overhead required to complete the magnetic path. These two sections have opposite loss dependencies on diameter: increasing diameter increases the loss in the end caps by adding volume (for a fixed end cap height) but decreases loss in the active section. 5 This competing tendency explains why intermediate aspect ratios provide the best performance.
G. Approximately Balance Copper and Core Losses to Reduce the Overall Loss
In general, for a given core material, the number of turns and the overall gap length in an inductor can be used to tune the copper and core losses. For inductors in which ac losses are dominant considerations over dc losses or saturation, the overall loss is usually minimized at a point where the core loss is close to, but slightly less than the copper loss [23] . To reduce the Fig. 9 . Flowchart of the design process for the proposed inductor structure using the guidelines presented in Section III. The parameters used in the flowchart are labeled on the cross-sectional view in Fig. 1 . Gray fill denotes steps that can be automated.
overall loss in the proposed structure, the designer can balance the copper and core losses accordingly by modeling the losses with exact core loss parameters or hand-tuning the design in simulation, as is done in conventional inductor designs.
IV. AUTOMATING INITIAL DESIGNS OF THE PROPOSED INDUCTOR STRUCTURE
Using the design guidelines discussed in Section III, we can mathematically define the proposed inductor geometry. The design process can then be largely automated to generate high-Q inductor designs for a desired volume and inductance at a given frequency and current (see Fig. 9 ). The end cap height and the number of turns, however, must still be manually tuned. An example Python script for automating the design process can be found as a digital attachment to this paper online. Fig. 1) V. EXAMPLE 16.6-μH DESIGN: SIMULATIONS Using the guidelines in Section III, we designed an example 16.6-μH inductor that achieved a Q of 700 at 3 MHz and 2 A (peak) of ac current in FEA simulation (see Table II ). To design the example inductor, a script was used. The target inductance and volume as well as the selected h and N were entered into the script, which generated dimensions for the geometry that were then simulated. Afterwards, the height of the end caps was manually tuned for well-distributed B fields, such that the additional height would only slightly further distribute the fields and thus marginally reduce the core loss in the end caps. The script was re-run with the optimized h. Next, designs with varying number of turns were generated using the script to find the optimum core and copper loss balance. At this point, the example design was roughly optimized. We then chose to continue with additional minor adjustments in FEA for further optimization (see Table III ).
The simulation results verified that by following the design guidelines, the example design achieved all of the desired lowloss features and, thus, a roughly optimized Q. The B fields in the center post and the shell were roughly equal for low core loss [see Fig. 10(a) ], and most of the turns had balanced H fields and associated double-sided conduction for low copper loss [see Fig. 10(b) ]. It was verified that additional thickness to the end caps would have a minimal effect on loss, and that larger or smaller window sizes would increase the total loss. The core and copper losses were also verified to be well-balanced. 
VI. EXAMPLE 16.6-μH DESIGN: EXPERIMENTAL RESULTS
We constructed a prototype (see Fig. 11 ) of the example inductor presented in Section V. 7 The prototype inductor achieved a large-signal quality factor measurement 8 of Q = 720 at 3 MHz 7 For fabrication details of the prototype inductor, see Appendix C. 8 For details on the large-signal Q measurement approach, see Appendix D Table IV ), which agrees with simulations. In addition, the prototype continued to have high Q outside of its optimized designed operating point. In this section, we demonstrate the performance of the inductor across drive level and at higher frequencies. We also show the prototype improving the efficiency and thermal performance of a high-current-swing power converter.
A. Experimental Q Measurements of the Prototype Inductor Verified Simulations
The Q of the prototype inductor was measured across drive levels (0.5-3.5 A), and the experimental measurements closely matched the simulated quality factors (see Fig. 12 ). This agreement experimentally verified the simulations, and the experimental Q measurements also verified that the guidelines in Section III achieve a high-Q inductor. 10 
B. Prototype Inductor Achieves High Q at Higher Frequencies
The features that allow the prototype inductor to achieve high Q at 3 MHz, namely double-sided conduction and quasidistributed gaps, continue to be beneficial at higher frequencies. In simulations at 4.5 and 5.5 MHz, 11 the example inductor 9 The discrepancy between the simulated and prototype inductances can be partly attributed to permeability variations (a 25% variation yields a 7% error) and to the added vertical windows in the outer shell, which were not included in two-dimensional simulations (yields a 2% error). 10 In some MnZn ferrite quasi-distributed designs, increased surface losses from multiple gaps have been observed [24] . For the prototype inductor, however, the agreement between the experimental and simulated quality factors indicates that any surface loss effects are minimal. 11 For 4.5 and 5.5 MHz, the Steinmetz parameters were k c = 0.00163, α = 1.37, and β = 2.21 (for P v in mW/cm 3 , f in MHz, andB in mT). The parameters were derived using core loss data for Fair-Rite 67 from [3] . Fig. 12 . Experimental Q measurements of the prototype inductor (see Fig. 11 ) closely matched the simulated quality factors, thereby verifying the simulations and demonstrating that the guidelines in Section III can achieve a high Q inductor. Fig. 13 . The prototype inductor (see Fig. 11 ) continued to have high quality factors at frequencies higher than its designed frequency of 3 MHz. Simulations and measurements were taken at a 2-A (peak) ac current. achieved high quality factors (Q ≈ 700) at a 2-A (peak) ac current (see Fig. 13 ). The prototype inductor also had measured quality factors of Q ≈ 700 at these two frequencies, demonstrating the structure's potential to achieve high Q at higher frequencies.
C. Prototype Inductor Improved Efficiency of a High-Current-Swing Power Converter
In addition to achieving a high Q under controlled conditions, the example inductor was used in a power factor correction converter operating at dynamically varying frequencies of 1-3 MHz and with large ac current components in the inductor [25] . The inductor improved the converter performance significantly (see Fig. 14) over a more conventional open-magnetic-circuit inductor (a half-toroid core approximating a rod core with litz wire) (see Table V ), despite having similar effective volume. This improvement can also be seen in thermal measurements: at a 93-W operating point, the conventional inductor saw a ∼30°C temperature rise, while at a much higher power (296 W), the proposed inductor only saw a ∼3°C rise (see Fig. 15 ).
VII. LITZ WIRE IN THE PROPOSED STRUCTURE
While the example inductor in Section V can achieve low winding loss through double-sided conduction, a large fraction of the solid-core winding cross-sectional area still remains unused. In some cases, litz wire can have greater effective conduction area for improved performance in the proposed structure. For example, a litz wire version of the prototype inductor (see Fig. 11 ) achieved a higher Q of 980 at the same frequency and drive level (3 MHz, and 2-A (peak) ac current). In this section, we describe design guidelines for optimizing litz wire and discuss the improved simulation and experimental results of the example inductor with litz wire.
A. Design Guidelines for Optimizing Litz Wire
As a starting point, the simple design procedure for economical litz wire presented in [26] can be used to optimize litz wire. For a given winding window, the procedure optimizes the number of strands and strand diameter for loss and cost. To estimate power loss, the ac resistance factor (F R ) is used and can be calculated by
where δ is the skin depth, b is the breadth of the winding window, N s is the number of turns, n is the number of strands, and d s is the strand diameter. When the strand diameter is close to or greater than the skin depth, however, (13) may not be accurate. Instead, the semi-empirical approach from [27] can be used to better estimate power loss. The simple litz design procedure is useful, but it is agnostic to the construction of the litz wire, which can affect performance when d s is not much less than δ, as may frequently be the case in HF designs. Litz wire is constructed from strands of individually insulated wire that are twisted together into bundles; multiple bundles may be twisted together to form a larger effective wire, and such second-level bundles may also be twisted together to increase the effective wire size further. Thus, there are many ways to construct litz wire for a given number of strands and strand diameter. Since each level of bundling may experience skin and proximity effects similar to those experienced by solid core wire [28] , the choice of construction can be important. To mitigate the bundle-level skin effect, Sullivan and Zhang [26] recommend that the number of strands in the first twisting operation should be less than
Subsequent twisting operations should combine no more than five bundles. If for some reason these guidelines cannot be followed (e.g., using a standard litz wire design to reduce cost), bundle-level skin effect losses are no longer negligible and should be included when estimating the power loss [27] , [29] . In addition, when the strand diameter is close to or larger than the skin depth, the way the strands are twisted together can be important and should be included when estimating the power loss. Bundles may be "bunched" together (indicated by the "/" symbol), meaning that the bundles are twisted in the same direction as the prior level bundles/strands. Alternatively, bundles may be "cabled" together (indicated by the " × " symbol), meaning that the bundles are twisted in the opposite direction. For example, the 5 × 9 × 10/48 configuration in Fig. 16(a) is ten strands of 48-AWG wire bunched together, then nine of those bundles cabled together, and finally five of those bundles cabled together. The 5/9/10/48 configuration in Fig. 16(b) has the same number of strands and bundles as 5 × 9 × 10/48, but is bunched in each twisting operation rather than cabled. In this example, bunching achieves higher packing factor than cabling. 
B. Simulations Showed Litz Wire Improving Q of the Prototype Inductor at 3 MHz
Using the guidelines in Section VII-A, we investigated the effect of different litz wire designs on the performance of the example inductor (see Section V) at 3 MHz. For these designs, we chose strands of 48AWG since they are a good tradeoff between cost and power loss at this frequency. 12 First, we used the simple litz wire design procedure [26] to estimate the optimal number of strands. Since the strand diameter is close to the skin depth at 3 MHz, we then used the semi-empirical approach from [27] to more accurately find an approximately optimal number of strands (275) and construction (5 × 5 × 11/48). We also used this approach to simulate a configuration that was readily available for experimental verification (450 strands, constructed as 5/9/10/48) [see Fig. 16(b) ]. Since the 5/9/10/48 configuration is more susceptible to bundle-level skin effect, it was simulated with bundlelevel skin effect (worst case) and without it (best case). Because of random perturbations in the positions of the strands in real litz wire, some bundle-level skin effect may be mitigated, and it is expected that experimental results will fall between the worst and best cases.
Simulation results show that litz wire can provide significant improvement over solid wire for the example inductor used throughout this paper (see Fig. 17) . The approximately optimal configuration (5 × 5 × 11/48) performs slightly better 13 than the simple litz model prediction by 7.9%, due to the selfshielding effect that occurs when the strand diameter is close to the skin depth [27] . The readily available 5/9/10/48 configuration underperforms the simple litz model by 6.6% when bundle-level skin effect is included. 12 Power loss could be further reduced with finer strands; however, the costs of magnet wire manufacturing and litz construction increase rapidly for strands with wire gauge greater than 44AWG. 13 While the number of strands in the first twisting operation is higher than the recommendation from (14) (n 1 , max = 5 at 3 MHz), it does not result in a significant bundle-level skin effect in this case (a difference of 0.96% in Q). 
C. Experimental Q Measurements of the Litz Wire Prototype Verified Simulations
Using the same core geometry as the example inductor presented in Section V, we constructed a prototype inductor with the readily available 5/9/10/48 litz wire. At 3 MHz and a 2-A (peak) ac current, the litz wire prototype achieved an experimental quality factor of Q = 980, agreeing with simulations (see Table VI ). For this operating point, the litz wire provided a 36% improvement in Q over solid-core wire. This improvement demonstrates the potential of litz wire to improve performance of the proposed structure for certain operating points.
D. Litz Wire Prototype Can Achieve High Q at High Frequencies
At higher frequencies (up to 5.5 MHz), the litz wire prototype continued to achieve high Q at 2 A (peak) of ac current. However, since the litz wire in the prototype inductor was designed for 3 MHz, the performance using this particular construction (5/9/10/48) over a 20-AWG wire declined at higher frequencies (see Fig. 18 ). Other litz wire configurations optimized for higher frequencies, e.g., with fewer number of strands, could have lower high-frequency copper loss, and litz wire may still be beneficial at higher frequencies [27] .
VIII. CONCLUSION
Design of highly efficient miniaturized inductors in the HF range is a significant challenge. The proposed inductor structure and the design approach provide a solution for low-loss HF power inductors. Using a set of analytic design guidelines, designers can achieve a roughly optimized inductor for a desired inductance and volume and then choose to further refine the design in FEA using the general design rules. This geometry and its guidelines for achieving high Q were confirmed experimentally through an example inductor with a manufactured Q of 720. In some cases, using litz wire with this geometry can also improve its performance, and a Q of 980 was demonstrated with suitable litz wire.
APPENDIX A DESIGNING THE DISTRIBUTED GAP GEOMETRY TO MINIMIZE GAP FRINGING LOSS
In this appendix, we show that setting the number of gaps N g equal to the number of turns N aligns closely with the recommendation for minimizing the gap fringing loss from [10] , where the pitch between gaps (p) should be less than four times the spacing between the gap and the conductor (s), or p < 4s. We assume a large N so that the center-to-center spacing between each turn (p w ) can be approximated as p w = l t /(N + 1) ≈ l t /N , where l t is the window height. Setting N g = N also sets p = p w , so the vertical and horizontal window fill are then
where D w is the wire diameter and w is the window width (see Fig. 1 ) Based on the geometry, the spacing between the gap and the winding is
By combining (15)- (17), we obtain
Most of the combinations of F v and F h within the recommended ranges (see Sections III-D and III-E) satisfy the design criterion from [10] , p < 4s. For example, for values in the center of these ranges, F v = 0.65 and F h = 0.50, p/s = 3.1 < 4. At the edge of these ranges where F v is small and F h is large, the p/s ratio surpasses the recommendation of p/s < 4, with the worst case at p/s = 6, when F v = 0.50 and F h = 0.60. These edge cases, however, still achieve roughly optimal designs. Therefore, setting N g = N yields designs for the proposed inductor that meet (or nearly meet) the design criterion of [10] , and thus, achieve roughly optimum Q.
APPENDIX B FIRST-ORDER DERIVATION OF LOSS IN THE ACTIVE SECTION
In this appendix, we quantitatively show that the loss of the active section of the structure (everything within l t ) decreases as the diameter increases. To do this, we consider the equivalent resistance of the active section.
The winding resistance is
where it is assumed that the available conduction area of a turn A 1 is proportional to the area of the window with the proportionality constant 1/k w , i.e., A 1 = l t /(k w N ), and the radius of the winding path is approximated as the center post radius r c . For the equivalent resistance of the core loss in the active section, we consider only the center post core loss for simplicity, since the outer shell core loss is on the same order. The core loss in the center post is given by
where we approximate β = 2 (not uncommon for low frequencies; usually an underestimate at high frequencies). We may then express the core loss through an equivalent resistance as
In an optimized design, the core loss is approximately equal to the winding loss. Equating the resistances yields (23) so that the total equivalent resistance of the active section is proportional to 1/r c . Thus, the loss in this section decreases as the diameter increases.
APPENDIX C PROTOTYPE CONSTRUCTION
In this appendix, we provide fabrication details of the prototype inductor from Section VI-A for those interested in prototyping processes. The following construction method is not intended as a viable mass production process.
The prototype inductor was constructed modularly with the aid of custom three-dimensional (3-D)-printed fixtures. The center post was constructed first [see Fig. 19(a) ] with one of the end caps. To control the quasi-distributed gaps, we stacked laser cut pieces of polyester plastic shimstock with the appropriate thickness (0.114 mm) in between each layer of core material.
To center all of the center post layers, a 1-mm-diameter hole was drilled in the center of the discs and the center post shimstock pieces so they could be assembled on a rod. Since the drilled holes were relatively small, we expect minimal effect on the fields.
For the winding, a 20-AWG solid core wire with Teflon fluorinated ethylene propylene insulation was wound around a 3-D-printed fixture of the same diameter as the center post [see Fig. 19(b) ]. The wire was chosen to have the appropriate insulation thickness (0.229 mm from the conductor diameter to the outer diameter) to center it in the window. Then, the winding was wrapped in a single layer of 0.079-mm-thick polypropylene tape (package sealing tape) to maintain its shape, removed from the fixture, and put on the center post.
The outer shell, composed of three sections to allow for vertical windows (with approximate widths of 1.5 mm), was constructed, one section at a time. Each section was stacked on a 3-D-printed fixture, alternating between layers of core material and laser cut shimstock [see Fig. 19(c) ]. The outer surface of each section was taped to hold all the pieces together. Then, the sections were added to the center post structure so that the two winding terminations could leave the structure through one of the vertical windows in the shell.
Afterwards, the second end cap was added, and the rod was removed from the center post. Finally, the entire circumference of the inductor was wrapped with a single layer of package sealing tape to apply radial pressure, and a strip of package sealing tape was wrapped vertically around the inductor to apply vertical pressure.
APPENDIX D MEASURING HIGH Q (LARGE-SIGNAL)
To measure the large-signal Q of the prototype inductors, we used the same resonant measurement approach from [3] and [30] and added some modifications for measuring high Q. The original approach operates a series LC circuit at resonance so that the ratio of the peak capacitor voltage to the peak input voltage can be approximated as the Q of the inductor. When measuring a high Q, though, several assumptions in this approach no longer hold, leading to two modifications. In the following, we discuss these modifications and other considerations for high-Q measurements at HF. We also show the validation of this modified measurement approach with an air-core inductor.
A. Use a Capacitor Divider to Minimize Probe Loss and Loading
When measuring a high-Q inductor, we expect a high resonant capacitor voltage. The probe loss and loading at this highfrequency high-voltage node, however, can significantly affect results. To get a more accurate measurement of the resonant capacitor voltage, we replaced the capacitor in the original approach with a capacitor divider having the same net impedance. The stepped-down voltage can then be measured with minimal probe loss and loading (see Fig. 20 ). 
B. Include Capacitor Equivalent Series Resistance to Accurately Measure High Q
For measuring high Q, the approximation made in [3] and [30] that the equivalent series resistances (ESRs) of the capacitors (R C 1 , R C 2 ) are small compared to the equivalent series resistance of the inductor (R L ) no longer holds, even with NP0, porcelain, or mica capacitors. For example, to measure an inductor with Q = 1000, using mica capacitors with Q = 4000 would still introduce a 25% loss error in the measurement.
Since the capacitor ESRs are no longer negligible, we include them in deriving an expression for the quality factor of the inductor (Q L ), using the measured input voltage v in and steppeddown voltage v meas . From Fig. 20 , we can see that at resonance, since the impedances of the inductor and capacitors cancel, we have
We also know that at resonance, we have
From (24) and (25), the quality factor of the inductor as a function of V in,pk and V meas,pk is
where R C 1 and R C 2 are the ESR values found on the datasheet for the capacitors. 14 The non-negligible capacitor ESR loss was validated thermally. At around 3 MHz, the highlighted mica capacitor in Fig. 21 has an ESR of ∼ 0.07 Ω, as extrapolated from the datasheet. With a current of 2.0 A and a thermal resistance of 95
• C/W for the closest standard package size (2010) [31] , we 14 In cases where the capacitors are physically composed of multiple capacitors in parallel, the ESRs R C 1 and R C 2 can each be approximated as the equivalent parallel resistance for the corresponding ESRs. C 1 and C 2 can also be approximated as the equivalent parallel capacitance of the capacitors comprising it. expect the capacitor to have a ∼13°C temperature rise, which agrees with the thermal image. This agreement confirms that the capacitor ESR loss can be predicted and, thus, corrected for when measuring the Q of the inductor.
C. Minimize Dielectric Loss Through Careful Board Layout
For measuring a high-Q inductor, the node between the inductor and the capacitor divider sees a high voltage at HF. Therefore, in a layout where the return path runs directly under this high-voltage node, the resulting parasitic capacitor can have non-negligible dielectric loss. We can mathematically show this by modeling the dielectric loss as the ESR loss of the parasitic capacitor. The dielectric loss is
where V is the peak voltage at the node, ω is the measurement frequency, C is the parasitic capacitance, and tan δ is the dielectric loss tangent of the board material. As seen from (27) , nodes with high voltages (∼1000 V) can have substantial dielectric loss, especially when their parasitic capacitance and the dielectric loss tangent of the board are relatively large. For example, for measuring the Q of the example inductor (see Fig. 11 ), the high-voltage node expects ∼ 600 V at 3 MHz. If the node has an area of 1 cm 2 on a standard 1.6-mmthick FR-4 board (tan δ = 0.02), the loss at this node is then 160 mW, which is about 20% of the inductor loss.
To minimize the dielectric loss, the capacitance at the highvoltage node should be minimized by using a small node area and thick board. Board material with a lower dielectric loss tangent than FR-4, e.g., Rogers 4350B, can also be considered.
D. Resonant Measurement Approach Validated Using an Air-Core Inductor
We validated the large-signal measurement approach described above with small-signal Q measurements of an air-core inductor. Since an air-core inductor has no non-linear core loss, its small-signal and large-signal quality factors are the same. Using the equivalent series resistance of an air-core inductor measured at 3 MHz (with an Agilent 4395A Impedance Analyzer and a custom resonant fixture), the small-signal quality factor of the inductor was calculated to be Q = 540 at this frequency. Using the large-signal resonant measurement approach, the same air-core inductor had a measured quality factor of Q = 500 at 3 MHz and a 2-A (peak) ac current, which validates this approach for measuring large-signal Q in this range. For even higher Q (>1000), sources of error have a greater impact on measurements, which makes it more difficult to accurately measure Q. The validation of the air-core inductor at Q = 500, however, indicates that it is possible to accurately measure even higher Q using this measurement approach.
